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Fabrication and structural properties of AIN submicron periodic lateral polar
structures and waveguides for UV-C applications
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Periodically poled AIN thin films with submicron domain widths were fabricated for nonlinear
applications in the UV-VIS region. A procedure utilizing metalorganic chemical vapor deposition
growth of AIN in combination with laser interference lithography was developed for making a
nanoscale lateral polarity structure (LPS) with domain size down to 600nm. The Al-polar and
N-polar domains were identified by wet etching the periodic LPS in a potassium hydroxide solution
and subsequent scanning electron microscopy (SEM) characterization. Fully coalesced and well-
defined vertical interfaces between the adjacent domains were established by cross-sectional SEM.
AIN LPSs were mechanically polished and surface roughness with a root mean square value of
~10nm over a 90 um x 90 um area was achieved. 3.8 um wide and 650 nm thick AIN LPS wave-
guides were fabricated. The achieved domain sizes, surface roughness, and waveguides are suitable

for second harmonic generation in the UVC spectrum. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4955033]

Lasers emitting in the ultraviolet spectrum are desired for
a variety of applications, including photochemical labeling,
biosensing, nanolithography, medical surgery, micromachin-
ing, Bragg gratings, and many others. Currently available UV
laser systems are expensive, inefficient, stationary, large, and
require frequent maintenance. Although many advances have
been made toward the fabrication of electrically injected
AlGaN semiconductor based UV-C laser diodes, doping, car-
rier injection, and defect control are still challenging.'™

An alternative approach to compact UV-C lasers is to
exploit frequency doubling via second harmonic generation
(SHG). When conventional birefringence phase matching is
not possible, a quasi phase matching (QPM) approach is nec-
essary. For efficient QPM, a structure is needed in which the
orientation of the nonlinear susceptibility coefficient is peri-
odically inverted. In polar materials this can be achieved ei-
ther by electrical poling or by growing periodically oriented
lateral polarity structures (LPS). Single pass conversion effi-
ciencies of up to 83% have been reported using QPM in the
VIS-IR region by employing periodically poled nonlinear
crystals.4 Moreover, QPM has numerous advantages over
birefringence phase matching from a practical point of view
and allows for many applications involving other nonlinear
optical processes detailed in Ref. 5. Even though significant
advances have been made in nanoscale periodic poling of
ferroelectric materials, QPM SHG in the UV range presents
several challenges.®’ Prominent materials used for QPM
applications, like periodically poled LiNbO; and LiTaOs;,
lack transparency in the UV-C range and present difficulties
in achieving poling periods on the order of a few hundred
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nm needed for UV applications. AIN is an excellent candi-
date for the generation of UV-C laser light via QPM and a
variety of other nonlinear optical applications due to its large
second order nonlinear susceptibility coefficient along the
c-axis of 7.7pm/V, high thermal conductivity (320 W/mK),
and a wide transparency window (205 nm and above). This
enables the possibility for high conversion efficiency, high
power damage threshold, and wide wavelength tunabil-
ity.®1° There have been attempts to grow periodically poled
AIN by molecular beam epitaxy on the submicron scale uti-
lizing Mg doping and E-beam lithography coupled with
regrowth.'! This polarity control scheme led to trenches at
the polar domain interfaces due to the high aspect ratios
between the polar domains during regrowth. This in turn hin-
dered the application for SHG by QPM due to high scattering
losses. The growth of AIN via metalorganic chemical vapor
deposition (MOCVD) allows for on-chip, small-scale inte-
grated devices, making it a very attractive technique for the
fabrication of LPS for QPM. It has been previously shown
that the polarity of IIl-nitride thin films deposited on sap-
phire substrates is III-polar when grown on a properly
annealed AIN nucleation layer deposited at low temperature
(650°C). When deposited on sapphire without previously
depositing a nucleation layer, the polarity is N-polar.'*™'3
Only domain sizes down to 5 um were demonstrated due to
the limitations in the patterning process. Thus, new methods
are needed to provide finer long-range periodicities that can
be used for QPM in the UV-C.

In this work, the fabrication of AIN lateral polar struc-
tures (LPS) with varying thicknesses and periodicities suitable
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for QPM in the UV-C range is described. Fully coalesced
films, well-defined interfaces at the inversion domain
boundary (IDB), and uniform polarity within the alternating
domains were demonstrated. The LPS were mechanically
polished to reduce the surface roughness and waveguides
were etched perpendicular to the AIN LPS.

AIN lateral polarity structures were fabricated via sub-
strate patterning and subsequent simultaneous MOCVD
growth of both domains. The process used in this work is
shown in Figure 1 and was developed based on previous
work.'®!7 The films grown are deposited via MOCVD in a
vertical cold-walled reactor with a background pressure of
8 x 107" Torr. First, a 20nm aluminum nitride nucleation
layer is deposited on an LED-quality c-plane sapphire sub-
strate at 650 °C. The substrate is then removed from the re-
actor and spin-coated with a 100nm thick anti-reflection
coating (ARC) and a 700 nm thick photoresist layer. The
sub-micrometer pattern needed for the UV-C nonlinear
applications is obtained using laser interference lithography
in a Lloyd’s mirror configuration, resulting in a highly peri-
odic sub-micrometer pattern across the entire substrate. For
this, a He-Cd laser focused onto a pinhole is used as a
monochromatic point light source. The sample is placed ad-
jacent to a fixed 90° mirror acting as the second light source
with the same incidence angle 6. The periodicity, A, of the
interference pattern is then defined by the angle of inci-
dence 0 with respect to the normal of the sample, the wave-
length A of the light source, and the refractive index n of the
medium as follows:

A

~ 2nsinf’

This patterning process allows for periodicities down to
200 nm in air and even lower when immersed in an appropri-
ate liquid with a higher refractive index. More details on the
employed setup can be found elsewhere.'® The pattern was
transferred to the ARC layer by reactive ion etching (RIE) in
oxygen plasma for 3 min at an RF power of 54 W, 30 sccm
of O, flow under a total pressure of 30 mTorr, using a
Semigroup 1000TP system. The pattern was then transferred

nn

“ mew) _ 20nm AN =) 20 nm AIN

3- Exposure to laser
interference pattern.

2- Spin coat with anti-
reflection coating (ARC)
and photoresist layer.

1- AIN nucleation
layer deposition by
MOCVD.

1200 nm
HEENEDR

4- Transfer of
pattern to AIN by
reactive ion etching.

5- Removal of ARC

02 plasma.

AIN Lateral Polar Structure
20nm—---> I l I l I l 1 Al-polar
lN-poIar

6- AIN layer is deposited
and photoresist with o the patterned

substrate via MOCVD.

Appl. Phys. Lett. 108, 261106 (2016)

to the AIN nucleation layer by RIE in a Minilock II Reactive
Ion Etching system. For the latter, the samples were etched
for S5Smin at an RF power of 100W in a gas mixture of
25 scem BCl; and 25 scem Cl, under a total chamber pres-
sure of 75 mTorr. The remaining photoresist residue was
then removed by isotropic O, plasma in a PM-600 system.

The substrate is then placed in the reactor where it is
vacuum annealed at 1040 °C for 10 min. Thereafter, the reac-
tor is backfilled with H; to a reactor total pressure of 20 Torr
and maintained at 1040 °C for an additional 7 min. Next, the
temperature is lowered to 950 °C and the sample is exposed
to a mixture of 1 slm N, and 1 sim NH; for 4 min. The sub-
strate temperature is then increased to 1100°C where the
AIN growth is started by flowing 6.7 umol/min of trimethyla-
luminium (TMA) and 0.3 slm NH3 for 10 min using N, as
the precursor carrier gas and 10 slm of H, as a diluent gas in
a reactor total pressure of 80 Torr. Finally, the temperature
and the TMA flow are increased to 1250 °C and 13.4 umol/
min, respectively. In this process, N-polar domains grow on
the bare sapphire regions and Al-polar domains on the AIN
nucleation layer.'> Both polarities grow simultaneously,
forming a seamless inversion domain boundary (IDB).

The surface and domain boundaries of the patterned sub-
strates before and after AIN film deposition, as displayed in
step 5 and step 6 in Fig. 1 respectively, were analyzed in an
Asylum Research MFP-3D atomic force microscope (AFM).
Subsequently, cross-section Secondary Electron Microscopy
(SEM) images were taken in a Verios 460 L FEI system to
determine the total thickness of the samples and to confirm
the polarity of the AIN LPS. For the latter, a sample was sub-
merged in a 1 molar concentration of potassium hydroxide
(KOH) solution in deionized (DI) water for 1 min at 70°C."

In order to reduce the surface roughness, the AIN LPS
was mechanically polished utilizing 1 um-0.25 ym diamond
lapping film. The AIN LPS samples were characterized by
AFM before and after mechanical polishing. Finally, rectan-
gular waveguides were etched into the polished AIN LPS
using conventional photolithography.

AFM images of the patterned substrate before and after
the AIN film deposition are shown in Figures 2(a) and 2(b).
In Figure 2(a), alternating stripes of low temperature AIN

FIG. 1. Nanoscale polarity control pro-
cess scheme. Step 1: MOCVD deposi-
tion of AIN nucleation layer on c-plane
sapphire. Step 2: Photoresist and ARC
are spin coated onto the substrate. Step
3: Photoresist layer is exposed to the
laser interference periodic pattern and
developed. Step 4: Pattern is trans-
ferred to the AIN nucleation layer by
reactive ion etching. Step 5: The resid-
ual photoresist and ARC are removed
by O, plasma. Step 6: The patterned
substrate is reinserted in the MOCVD
chamber, where the AIN film is depos-
ited leading to the AIN periodic lateral
polar structure.
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FIG. 2. Height profile AFM images of the patterned substrate before (a) and
after the AIN thin film growth (b). The patterned AIN/sapphire substrate
with a 1.2 um periodicity is shown. High color contrast at the interfaces is
observed indicating an abrupt change in height. (b) The alternating N-polar
and Al-polar domains of a 1 um thick LPS are displayed. A rough hexagonal
columnar surface characteristic of the N-polar domain is observed as well as
a smooth (sub-nanometer RMS roughness) Al-polar surface with similar
domain sizes as the patterned substrate, pointing at the vertical inversion
domain boundaries.

nucleation layer and bare sapphire substrate can be observed.
The step height between the stripes is about 20 nm, which is
consistent with the thickness of the nucleation layer. Figure
2(b) shows an image of a 1 um thick AIN film deposited on to
this patterned substrate. Two different stripes of similar width
to the initial pattern are observed and identified as Al- and
N-polar domains. The surface morphology for the Al-polar
domains is smooth, while columnar hexagonal structures are
observed for the N-polar AIN, which is typical behavior of the
respective polarities at these growth conditions.'® The inver-
sion domain boundary between the Al- and N-polar domains
is well defined which demonstrates the ability to apply sub-
micron patterning using interference lithography.

AIN LPS with a periodicity of 1.2 yum are intended for
QPM SHG at 275 nm for a 650 nm thick and 5 um wide rec-
tangular waveguide. The coherence length was calculated
using Marcatili’s approach;®” the Sellmeier’s parameters for
AIN were taken from Ref. 21. We have also demonstrated
AIN LPS with periodicities ranging from 400 nm up to 6 um
(not shown), which allows for tunability of the SHG wave-
length from 200nm up to 550 nm, thereby enabling QPM
over the whole transparency range of AIN.

In order to estimate the layer thickness and assess its
uniformity, the samples were cleaved perpendicular to the
alternating polar domains and cross-sectional SEM was
performed. Figures 3(a)-3(c) show cross sectional SEM

polar N-polar Al-polar :
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images for the 400 nm, 700 nm, and 1000 nm thick struc-
tures, respectively.

Using 47 mJ of light exposure dose, 3 min RIE in oxy-
gen plasma, and 5 min RIE in BCIl; and CL, under the
conditions described previously resulted in domains of sim-
ilar width (Figures 3(b) and 3(c)). The polar domains
are fully coalesced at the IDBs, which are highlighted
by the yellow dashed lines. This result is supported by
Transmission Electron Microscopy (TEM) and Scanning
Transmission Electron Microscopy (STEM) studies dis-
cussed elsewhere.”” The smooth plateaus are characteristic
of the Al-polar domains while the rougher surface with tri-
angular tips is representative of the N-polar domains. The
20nm patterned low temperature AIN nucleation layer can
also be observed, which, as expected, is present directly
below the plateaus of the Al-polar domains. In contrast to
other semiconductors where different growth rates between
the polar domains may lead to significant height differences
and even lateral overgrowth of one polarity over the other,
AIN grown under the applied conditions has equal growth
rates for both polar directions as can be inferred from the
cross-section SEM images. This is key for vertical and
well-coalesced interfaces of the periodically poled AIN,
which are essential for SHG by QPM. >

In order to unambiguously identify the Al-polar and N-
polar domains as well as to identify any inversion domains
within the stripes, as they could be detrimental for QPM,
KOH etching and subsequent SEM characterization were
performed.'” Figure 4 shows tilted cross-section SEM
images of the sample after the AIN film deposition (a) and
the same sample after etching in a 1M KOH solution in
deionized water for 1 min at 70 °C. For the wet etched sam-
ple, the N-polar domains were completely removed while
the Al-polar domains remained unetched, thereby confirm-
ing the polarity of the respective domains.'” Some lateral
etching is observed at the Al-polar domains; however, no
vertical top-down etching is observed.

For QPM, the excitation and second harmonic light
travel in the AIN waveguides and scattering losses will
depend on surface roughness. This seems a concern mainly
for the N-polar AIN domains (Figure 2(b)). No scattering is
expected at the inversion domain boundary because of the
same refractive index of the N- and Al-polar material >’
Surface scattering losses due to random deviations at the
waveguide boundaries have been investigated in detail. ***°

FIG. 3. Cross-sectional SEM images of samples of various thicknesses. The inversion domain boundaries are highlighted with yellow dashed lines. Complete
coalescence at the IDBs is observed. Similar growth rates for both polarities are measured, and a linear increase of the film thickness with increasing deposition

time is determined as expected for the mass transport limited growth regime.
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Under the Rayleigh criterion, a surface may be considered as
smooth for

N

o
(T —
¥ T 8cosf’

where ¢ is the root mean square (RMS) surface roughness,
A is the wavelength in the material, and 6 the angle of inci-
dence. To obtain 0, (angle of incidence for the mth-order
TM mode in the guiding layer), one needs to solve the tran-
scendental equation

tan(ht) = hp+aq)

h —pq’

for the propagation constant § (Equation (3.16) in Ref. 26,
p- 36), where ¢ is the waveguide thickness, and q and p the
extinction coefficients in the confining layers with

q:

Sl

1 n? 3
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k is the wavenumber in vacuum and 74, n,, ns are the refrac-
tive indices of air, AIN, and sapphire, respectively. Like p
and q, h is a constant determined by the boundary conditions
and is also given in terms of f3. The propagation constant f§ is
then related to 6, through

P = kny sin0,,.

For a waveguide thickness of 650 nm, refractive indices at
550nm (pump wavelength) of 2.13 and 1.77 for AIN and
sapphire, respectively,?*’ the angle of incidence 6, for the
highest order mode (m =2) is calculated to be 57.4°. This
leads to a maximum allowed surface roughness RMS value
of ~60 nm for the Rayleigh criterion to hold true.

The RMS surface roughness over a 90 x 90 um? area of
the grown samples was determined to be ~30 nm, regardless
of thickness. Utilizing the method in Ref. 24, the scattering
losses at the surface oy are calculated to be around 100 cm ™!
for the Oth order TM mode.

In Figure 5(a), an AFM topograph is displayed after
the mechanical polishing; Figures 5(b) and 5(c) show typical
line scans taken from AIN LPS films and mechanically pol-
ished AIN LPS films, respectively. The mechanically polished
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FIG. 4. Tilted view SEM image of the
AIN LPS as grown (a) and after being
submerged in a 1 molar KOH solution
in deionized water for 1 min at 70°C
(b). The N-polar domains were com-
pletely etched away while the Al-polar
regions remained nearly unchanged,
confirming the alternating polarity of
the structure. Some sidewall etching is
determined at the Al-polar domains
from the reduced domains’ width; how-
ever, no top-down etching is observed
as expected for the +C polar direction.

samples showed significantly improved RMS surface
roughness values of 10-15nm. Further reduction of the
roughness is challenging as longer polishing times did not
lead to further improvement. This may have stem from the
polarity-dependent etching due to the pH of the polishing
vehicle. Nevertheless, the achieved RMS roughness values
were well below the Rayleigh criterion limit and the scatter-
ing losses, ay, for the Oth order TM mode were calculated to
be around 10cm ' at 550 nm and 6 cm ™' for the SHG wave
at 275 nm.*"?” These values confirm that the fabricated AIN
LPS are suitable for SHG in the UV-C spectrum.

Finally, rectangular waveguides were fabricated using
standard photolithography and RIE in Cl, and BCls, as
shown in Figure 6. They were 650 nm thick and 3.8 um wide
as determined by AFM (not shown) and SEM measurements.
The lateral polar structure along the waveguide is clearly
observed, highlighted by the difference in the surface rough-
ness between the Al- and N-polar domains. Similar to the
AFM image in Figure 5, it is observed that the N-polar sur-
face is significantly rougher than the Al-polar. However, it is
clear from the sidewall that the bulk of the film is well-
coalesced within both domains as well as at the IDB. In addi-
tion, vertical and smooth sidewalls were obtained. The inset
shows a low magnification SEM image of a large area with
multiple AIN LPS waveguides, highlighting one of the
advantages of the fabrication process employed here over
other patterning techniques such as electron-beam lithogra-
phy. It is important to note that due to the nature of the laser
interference in the patterning process, the periodicity is
maintained over the entire pattern, which is crucial to avoid
long range period errors that could be detrimental to the effi-
ciency of QPM-SHG.

b) As grown
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FIG. 5. AFM topograph of an AIN LPS after mechanical polishing (a) and
a line scan perpendicular to the stripe direction before (b) and after polish-
ing (c).
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Sapphire

FIG. 6. SEM image of the first AIN LPS waveguides. The alternating polar-
ity along the waveguide is observed, with the characteristic roughness of the
N-polar domains. Also the well-coalesced interface between the polar
domains can be seen. The inset shows a larger area scan with multiple
waveguides.

In summary, large area, highly periodic, submicrometer
AIN lateral polar structures were fabricated. Mechanical pol-
ishing resulted in an improved surface morphology with
RMS roughness of ~10nm, as determined by AFM. Finally,
the first LPS-based AIN waveguides were fabricated using
standard photolithography and RIE. Having well-defined and
coalesced interfaces at the IDBs and low scattering losses at
the waveguide surface (calculated o< IOCmfl), these
waveguides are suitable for efficient second harmonic gener-
ation in the UV-C spectrum by quasi phase matching.
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